Most preclinical studies examining the mechanism(s) of action of antidepressants are carried out using male animals. Blockade of serotonin transporter (SERT) function by selective serotonin reuptake inhibitors (SSRIs) is the initial event that triggers a not completely understood process that results in clinical improvement in depression. To investigate whether there are differences in the ability of SSRIs to inhibit the SERT between male and female rats at different phases of the estrous cycle, clearance of locally applied serotonin (5-HT) was measured by in vivo chronoamperometry. Local application of the SSRI, fluvoxamine, directly into the CA3 area of hippocampus increased significantly 5-HT clearance time parameters in male rats and female rats in estrus or diestrus, but not in proestrus. The contribution of ovarian steroids to this result was investigated in ovariectomized (OVX) rats treated with estradiol benzoate (EB) and/or progesterone (P). In OVX-control rats, fluvoxamine increased clearance time parameters, whereas EB and/or P treatment blocked this effect, consistent with what was seen in female rats in proestrus. This effect was gender-specific, since treatment of castrated rats with EB/ P had no effect on the ability of fluvoxamine to slow 5-HT clearance. The time course of hormonal effects showed that 1-60 min after local application of 17-b-estradiol (E 2 ) into the CA3 region of OVX rats, fluvoxamine had no effect on clearance time of 5-HT. E 2 -BSA mimicked E 2 's effects at 10 min but not at 60 min. Pretreatment with estrogen receptor antagonists blocked the effects of E 2 . The finding that acutely both estradiol and progesterone can inhibit the ability of an SSRI to slow the clearance of 5-HT, may have important implications for the use of SSRIs in women.
INTRODUCTION
Depression is more common in females than males (Kessler, 2003) and in women, may be more common at times of low estradiol levels (Fink et al, 1996; Halbreich et al, 1992; Pearlstein, 1995) . Depressive episodes in women may be more recurrent, longer in length, and associated with more functional impairment than those in men (Burt and Stein, 2002; Yonkers, 2003) . In spite of this, preclinical data examining the effects of antidepressants (ADs) on either behavioral, physiological, or neurochemical parameters, have mainly used males subjects until recently. Pharmacological interventions involving estrogens (and/or progesterone) in depressed women have been proposed to correct presumed steroid hormone deficiencies or fluctuations. Hormonal (or estrogen alone) therapy has also been reported to have AD effects in perimenopausal and postmenopausal women (Zweifel and O'Brien, 1997; Soares et al, 2001; Huttner and Shepherd, 2003) , although this has not been a universal finding (Saletu et al, 1995) . Premenopausal depressed women may have better response to selective serotonin reuptake inhibitors (SSRIs) than to tricyclic ADs (Kornstein et al, 2000) . However, other studies did not confirm these findings (Quitkin et al, 2002; Scheibe et al, 2003) . Adjunctive treatment with estrogen in addition to an SSRI may be beneficial in depressed menopausal patients (Yonkers, 2003) , although, again, this has not been found in all studies (Huttner and Shepherd, 2003) . For multiple reasons, SSRIs are the treatment of choice for depression during perimenopause and menopause.
Blockade of serotonin transporter (SERT) function by SSRIs is the initial event that triggers a still not completely understood process that results in clinical improvement after repeated treatment (Lenox and Frazer, 2002) . Reports analyzing the action of estrogen in vivo on SERT uptake sites and mRNA levels are inconclusive. Increases, decreases, and no change have been reported (Attali et al, 1997; Bethea et al, 1998; Krajnak et al, 2003; McQueen et al, 1997; Mendelson et al, 1993 , Zhou et al, 2002 . Discrepancies in these studies may be explained by variability in the treatment paradigm used, such as the time elapsed between ovariectomy and estrogen treatment, the duration of estrogen treatment, and the brain region evaluated.
Estrogen receptors (ER) as well as progesterone receptors are members of the superfamily of hormone-regulated nuclear receptors. Depending on the onset and duration of the effect, ovarian hormones can act either by a genomic mechanism, using classical nuclear transcription factor receptors (Katzenellenbogen, 2000) , or by a non-genomic, less well-characterized, membrane signaling mechanism (Kelly et al, 1999; Nadal et al, 2000) . The genomic pathway requires at least 30-60 min for its effects to manifest and is associated with changes in protein synthesis. However, the 'nuclear hormone receptors' are not restricted to the nucleus; they can be found within the nucleus, cytoplasm, and in the cell membrane. It has more recently become clear that estrogen can elicit rapid, within seconds to minutes, signaling events that are not mediated by classical genomic pathways. Steroid-bovine serum albumin (BSA) conjugates have become useful tools to study the membrane-mediated action of steroids, since they are biologically active and do not penetrate the plasma membrane of the cell readily (Blackmore and Lattanzio, 1991; Ramirez and Zheng, 1996) .
To begin providing a comprehensive understanding of how hormones such as estrogen or progesterone influence the effect of SSRIs, it is important to determine whether they alter their inhibitory effect on the SERT. This study describes how SSRIs acutely affect SERT function in female rats in comparison with the effects observed in male rats, and how ovarian hormones influence these effects. SERT function was measured by in vivo chronoamperometry in female rats at different stages of the estrous cycle, as well as in ovariectomized (OVX) rats treated with estradiol and/or progesterone. The time course of the effects caused by local administration of 17-b-estradiol (E 2 ), E 2 -BSA, and ER antagonists was also investigated.
MATERIALS AND METHODS

Animals
Intact females, OVX females, intact males, or castrated males (all Sprague-Dawley rats; 250-350 g, Harlan, Indianapolis, IN) were housed on a 12:12 h light/dark cycle with lights on at 0700 h and with food and water provided ad libitum. All animal procedures were in strict accordance with the National Institutes of Health Guide for Care and Use of Laboratory Animals, and were approved by the local Institutional Care and Use Committee. All efforts were made to minimize both the number of animals used and stress or discomfort to the animal during the experimental procedure.
Female rats are sexually mature at about 8-9 weeks and weigh about 200 g at that age. Vaginal smears in intact female rats were monitored daily for the presence of predominantly nucleated cells (proestrus), cornified cells (estrus), or leukocytes (diestrus). Only females showing four consecutive regular estrous cycles (4-5 days) were used in these studies. Classification of the estrous cycle was based on the vaginal smear on the day of the experiment and the prior vaginal smear history. For comparison purposes, male rats were also studied. OVX and castrated rats were allowed a 2-to 3-week recovery after surgery, before starting treatment, in order to provide time for endogenous hormones to decline and the animals to adapt to their loss.
Hormone Treatments
Because circulating amounts of E 2 do not remain elevated for very long after systemic injection of E 2 , a slower-release esterified form of E 2 , namely estradiol benzoate (EB), was used for this part of the study. The treatment paradigm was chosen to achieve estrogen and progesterone plasma levels that were similar to those characterized in proestrus (Gibbs, 1996) . For combination treatment, EB (25 mg in 100 ml peanut oil; Sigma-Aldrich, St Louis, MO) was administered subcutaneously to OVX or castrated rats, followed 48 h later by subcutaneous injection of progesterone (P, 500 mg in 100 ml peanut oil; Sigma-Aldrich). The experiments were carried out 24 h after administration of P. When given separately, the hormones were administered at these doses with the experiments carried out 72 h after administration of EB or 24 h after P. Control OVX rats received peanut oil injections.
In Vivo Chronoamperometry
Chronoamperometric recordings were carried out in vivo in the CA3 region of the hippocampus as described previously (Benmansour et al, 1999 (Benmansour et al, , 2002 . Multi-barrel micropipettes were filled with either 5-HT (200 mM; Sigma Chemicals Co., St Louis, MO), fluvoxamine (400 mM; Pharmacia and Upjohn, Kalamazoo, MI), citalopram (400 mM; Forest Laboratories, Jersey City, NJ), E 2 (dissolved in PBS containing ethanol at a final concentration less than 0.0001%; Sigma-Aldrich), ICI 182,780, or tamoxifen (Tocris, Ellisville, MO), or b-estradiol 6-(O-carboxymethyl)oxime:BSA (E 2 -BSA; Sigma-Aldrich). The latter was filtered as described by Stevis et al (1999) , using a Microcon cartridge with a 3-kDa cut-off (Amicon, Beverly, MA) to eliminate any free E 2 from the E 2 -BSA solution. 5-HT was delivered by pressure ejection. After obtaining reproducible electrochemical signals to 5-HT, the ability of fluvoxamine or citalopram (four times the amount of 5-HT applied) to block 5-HT clearance was measured by its local application 60-90 s before pressure ejection of 5-HT. High-speed chronoamperometric recordings were made using the Fast-12 system (Censet, Lexington, KY).
Several parameters are obtained from the electrochemical signal produced by exogenous applications of 5-HT. Shown in this study is clearance time parameter, T 80 , which is the time required for the peak amplitude to be reduced by 80%. Also analyzed in this study is clearance rate, T C , which is based on the slope of the initial pseudolinear (from T 20 to T 60 ) portion of the decaying signal (Zahniser et al, 1999) .
Autoradiographic Procedures
Serotonin uptake sites were detected using [ (Benmansour et al, 1999 (Benmansour et al, , 2002 Paxinos and Watson (1986) . Amato et al (1987) , with a few modifications. In brief, rats were decapitated and the hippocampus was dissected out and homogenized in 25 ml of ice-cold buffer (50 mM TrisHCl, 120 mM NaCl, and 5 mM KCl, pH 7.4). The homogenate was centrifuged at 30 000g for 10 min at 41C. The resulting pellet was resuspended in buffer and centrifuged again twice. The homogenate was incubated with a saturating concentration of [ À10 -1 Â 10 À6 M) at 241C in a final volume of 500 ml. Incubation was terminated by adding ice-cold buffer and filtration through Whatman GF/ B filters (pretreated with 0.1% polyethylenamine) using a 24-channel cell harvester. Radioactivity trapped in the filters was measured using a Packard 1900 TR liquid scintillation counter. Protein content was determined by the method of Bradford (1976) . A non-linear regression fit of the data using the Graphpad Prism Software (Intuitive Software for Science, San Diego, CA) allowed to determine the IC 50 values and calculate the inhibition constants K i according to the Cheng-Prusoff equation. The K d value used in this study to calculate K i was determined from saturation binding data for [
Homogenate-Binding Procedures
3 H]citalopram (0.1-10 nM) in hippocampal membranes prepared from male or female rats in proestrus. K d values (average of three independent experiments for each group, each performed in triplicate) for [ 3 H]citalopram binding to the SERT were similar in male rats (0.87 ± 0.10 nM) or females in proestrus (0.93 ± 0.09 nM). Therefore, an average value for K d of 0.9 nM was used to calculate K i for all the groups.
Hormones Levels
OVX rats were treated with EB/P or vehicle as described above in the hormone treatment section. Trunk blood was collected (72 h after administration of EB or 24 h after P) for measurement of hormone levels in serum by radioimmunoassay (RIA). Estradiol concentrations in rat serum were determined by RIA of duplicate samples using the DSL ultrasensitive estradiol RIA kit (DSL-4800), according to the manufacturer's instructions; progesterone concentrations in the rat serum were determined by RIA of duplicate samples using the DSL progesterone-coated tube RIA kit (DSL-3900) according to the manufacturer's protocol (Adams et al, 2001; Gore et al, 2000) .
Statistical Analysis
Data were analyzed by t-test or one-way ANOVA followed by Newman-Keuls post hoc multiple comparisons, with significance determined at po0.05.
RESULTS
Effect of Fluvoxamine on SERT Function During the Estrous Cycle
The first experiment was designed to examine the ability of fluvoxamine to inhibit SERT function in female rats in diestrus, proestrus, and estrus in comparison with the effects observed in male rats. A representative 5-HT signal generated by local application of exogenous serotonin in the CA3 region is shown in Figure 1 . As expected, fluvoxamine prolonged the clearance time of 5-HT in male rats (Benmansour et al, 1999 (Benmansour et al, , 2002 . By contrast, in female rats in proestrus, local application of fluvoxamine did not prolong the clearance time of 5-HT. The effect of fluvoxamine on the 5-HT clearance time parameter, T 80 , in males, or in females in proestrus, estrus, or diestrus, is shown in Figure 2a . In male rats, as well as in female rats in estrus or diestrus, Figure 1 Representative 5-HT electrochemical signals illustrating the effect of locally applied fluvoxamine in the CA3 region of hippocampus of a male rat or a female rat in proestrus. The signal was generated by local application of 5-HT (2.6-10 pmoles). Fluvoxamine (4 Â the amount of 5-HT) was pressure-ejected 60-90 s before the next application of 5-HT. For clarity, only oxidation signals are shown.
Influence of ovarian hormones on AD and SERT interactions S Benmansour et al fluvoxamine slowed clearance of 5-HT, as demonstrated by a significant increase in T 80 value. By contrast, in female rats in proestrus, the inhibitory effect of fluvoxamine on clearance time was abolished. The clearance rate, T C did not changed significantly upon local application of fluvoxamine in males or females at any stage of the cycle (Figure 2b ).
SERT Density and Affinity for Fluvoxamine During the Estrous Cycle
The density of SERT binding sites was measured in the same rats using quantitative autoradiography of [ (Kovachich et al, 1988) so that SERT densities obtained approximate B max values. Specific binding in several brain areas was quantified in males or in females in proestrus, estrus, or diestrus, and the data are presented in Table 1 . SERT binding sites were similar in males and females in all the areas analyzed. There was no fluctuation in binding sites in females during the estrous cycle.
The ability of fluvoxamine to block 5-HT clearance was reduced in female rats in proestrus as compared with that in female rats in estrus or male rats (Figures 1 and 2 ). This effect could result from a lower affinity (ie, higher K i value) of fluvoxamine for SERT binding sites in rats in proestrus as compared with that in the two other groups. To test this hypothesis, the potency of fluvoxamine to displace [ 3 H]citalopram (5 nM) binding to hippocampal membranes prepared from female rats in proestrus or estrus or in male rats was measured. The ability of fluvoxamine to displace , and the clearance rate, T C , in male and female rats at different stages of the estrous cycle. Electrochemical recordings were carried out in the CA3 region of dorsal hippocampus of male rats or female rats in proestrus, estrus or diestrus. Fluvoxamine was pressure-ejected 60-90 s before the second application of 5-HT. (a) Bars and brackets represent mean T 80 value (in sec) before and after fluvoxamine application; ± SEM (n ¼ 8-10). (b) Bars and brackets represent mean T C value (in nM/s) before and after fluvoxamine application; ± SEM (n ¼ 8-10). *po0.05, paired Student's t-test comparing pre-fluvoxamine value with post-fluvoxamine value for each group. The amount of 5-HT ejected was adjusted so as to obtain comparable signal amplitudes (0.25-0.4 mM) in the various groups of animals. This approach enables clearance rates to be compared easily among the treatment groups, as clearance rate is dependent on signal amplitude. Consequently, the volume (and therefore the amount) of 5-HT was varied. The mean amount of 5-HT in pmoles±SEM pressure ejected in each group was not significantly different between groups and was as follows: male, 6.3±3; female proestrus, 14.7 ± 4; female estrus, 10.0 ± 3; and female diestrus, 7.2 ± 2. Fluvoxamine was always given at four times the amount of 5-HT applied. There were no significant correlations between the volume of 5-HT ejected and fluvoxamine-induced effects on the T 80 parameter (data not shown). Thus, whether fluvoxamine had an effect or not, was independent of the volume (or amount) of 5-HT ejected. Figure 3 Representative data illustrating the potency of fluvoxamine to displace [ fluvoxamine's K i values (3.84 ± 0.56; 3.43 ± 0.34; 3.33 ± 0.40 nM for males (n ¼ 9); females in estrus (n ¼ 5), or in proestrus (n ¼ 5), respectively) showed no differences between these groups (see details for calculation under Materials and Methods). Thus, the potency of fluvoxamine to compete for SERT-binding sites was similar in female rats in proestrus or estrus or in male rats.
Effects of Acute Ovarian Hormone Treatments on SERT Function and on the Effect of Fluvoxamine
Many parameters change during the estrus cycle in addition to circulating levels of estrogen or progesterone. To evaluate whether results obtained in female rats in proestrus were due to the influence of estrogen and/or progesterone on SERT function, OVX rats were treated with either EB and/or P. Concentrations of hormones in the serum were measured in order to verify that the hormone treatment regimen achieved estrogen and progesterone plasma levels characterized in proestrus. Mean ( ± SEM) serum levels of estradiol (E 2 ¼ 52.7±14.21 pg/ml) and progesterone (P ¼ 11.2 ± 1.91 ng/ml) were measured by RIA after administration of the combination treatment EB/P (n ¼ 6). Control rats (n ¼ 4) received similar injections of peanut oil (E 2 ¼ 8.5 ± 1.68 pg/ml; P ¼ 2.5 ± 1.24 ng/ml). During the estrus cycle, E 2 peak levels of about 50 pg/ml occur in pm proestrus (Gibbs, 1996) ; this is in good agreement with the E 2 level found. Values for P are, if anything, somewhat lower than those found in proestrus.
The ability of fluvoxamine to modulate 5-HT clearance in these groups of rats is shown in Figure 4a . In control OVX rats, the clearance time parameter, T 80 , was significantly increased by local application of fluvoxamine even though the clearance rate parameter, T C , was not (Figure 4a and b) . However, the ability of fluvoxamine to prolong the clearance time of serotonin was abolished by either EB or P treatment alone or by the combination of the two hormones. Similarly, local application into the CA3 region of another SSRI, citalopram, increased T 80 value (169 ± 15% of the pre-citalopram value) in OVX-control rats (n ¼ 4). This effect was blocked in OVX rats treated with EB/P (n ¼ 4, T 80 value post-citalopram was 112 ± 8% of the precitalopram value).
In addition, EB treatment increased baseline (ie, prefluvoxamine) T 80 value and decreased clearance rate, T C , significantly from that measured in OVX rats (Figure 4b) . The other treatment paradigms did not produce this effect.
To determine whether the effects of hormones are gender specific, castrated male rats were treated with EB/P, as described under Materials and Methods, and the effect of locally applied fluvoxamine was analyzed. T 80 values in castrated rats treated with vehicle: 73 ± 12 s pre-and 108±16 s post-fluvoxamine were similar to those measured in castrated male treated with EB/P (81±11 s pre-and 123 ± 13 s post-fluvoxamine) The effect of fluvoxamine on T 80 was significant (po0.01, paired t-test) and of similar magnitude in the two groups. Thus, the inhibitory effect of fluvoxamine on SERT function in castrated male rats was not affected by treatment with EB/P as it was in ovariectomized female rats.
Time Course of the Effect of Local Application of 17-b-Estradiol on the Effect of Fluvoxamine
In this experiment, the time course of the effect of direct local application of E 2 into the CA3 region of the hippocampus on fluvoxamine's blockade of 5-HT clearance was investigated in OVX rats. Fluvoxamine's ability to block 5-HT clearance was examined from 1 to 120 min after local application of E 2 (10 or 57 pmoles) or PBS as the control vehicle. Changes in the T 80 value obtained after application of fluvoxamine are presented in Figure 5a . Vehicle-treated rats or those administered various amounts of E 2 had the effect of fluvoxamine measured both prior to hormone administration (the time 0 value in Figure 5 ) as well as afterwards. The effect of fluvoxamine was consistent Figure 4 Effects of fluvoxamine on the clearance time, T 80 , and clearance rate, T C , in OVX rats treated with ovarian hormones. Electrochemical recordings were performed in the CA3 region of dorsal hippocampus of OVX rats treated with EB, P, the combination EB/P, or peanut oil, as described under Materials and Methods. Fluvoxamine was pressure-ejected 60-90 s before the second application of 5-HT. (a) Bars and brackets represent mean T 80 values (in seconds) before and after fluvoxamine application; ±SEM (n ¼ 7-9). (b) Bars and brackets represent mean T C values (in nM/s) before and after fluvoxamine application; ±SEM (n ¼ 7-9). *po0.05, paired Student's t-test comparing each group's pre-fluvoxamine value with its post-fluvoxamine value. **po0.05, Newman-Keuls comparing pre-fluvoxamine values for OVX hormones-treated with OVX-CTR. In this experiment too, the amount of 5-HT ejected was adjusted so as to obtain comparable signal amplitudes (0.25-0.4 mM) in the various groups of animals, as described in the legend to Figure 2 . The mean amount of 5-HT in pmoles ± SEM pressure ejected in each group was not significantly different between groups and was as follows: OVX-CTR, 4.1 ± 1; OVX-EB + P, 9.8 ± 3; OVX-EB, 6.4 ± 2; and OVX-P, 4.2 ± 2.
Influence of ovarian hormones on AD and SERT interactions S Benmansour et al over the time of the experiment in rats receiving the vehicle, that is, in these rats, fluvoxamine consistently increased T 80 value by about 45-65 s over the 2 h that this experiment was carried out (Figure 5 ). However, 1 min after local application of E 2 at 57 pmoles, fluvoxamine's ability to prolong the clearance time of 5-HT (as shown by an increase in T 80 value) was blocked completely. This effect of E 2 persisted for 60 min and then dissipated such that the effect of fluvoxamine was restored 90-120 min after administration of E 2 . The lower amount of E 2 (10 pmoles) had no effect on fluvoxamine's ability to inhibit 5-HT clearance at either early or later time points (Figure 5a ). Preliminary experiments carried out with 20 pmoles of E 2 generated data similar to that seen with 57 pmoles (data not shown).
To determine whether this inhibitory effect of local application of E 2 is mediated by membrane or intracellular ERs, two ER antagonists (tamoxifen and ICI 182,780; Xiao et al, 2003) were tested. In addition, the effect of a membrane impermeable estradiol-BSA conjugate (E 2 -BSA) (Blackmore and Lattanzio, 1991; Ramirez and Zheng, 1996) was measured as well. The drugs were given 10 min prior to addition of E 2 and their effects were measured either shortly (10 min) or at later times (40-60 min) after administration of E 2 or E 2 -BSA. E 2 was used at 20 pmol in these experiments, as it was the minimum effective dose for both rapid (1-10 min) and later developing effects (30-60 min). As expected, E 2 alone blocked the ability of fluvoxamine to induce an increase in the clearance time for 5-HT at 10 min as well as at 40-60 min post-E 2 (Figure 5b ). Both ICI 182,780 and tamoxifen blocked this inhibitory effect of E 2 at 10 min. The effect of ICI 182,780 persisted at 40-60 min, whereas the inhibitory effect of tamoxifen was no longer observed at this time (Figure 5b ). Local application of E 2 -BSA abolished the fluvoxamine-induced increase in the T 80 value only at the early time point (10 min after E 2 -BSA application) and not at the later time, 40-60 min (Figure 6 ). BSA alone had no effect on the ability of fluvoxamine to increase T 80 value (Figure 6 ).
DISCUSSION
These results show that the ability of fluvoxamine to inhibit clearance time of 5-HT in vivo is markedly diminished in female rats during proestrus. This is not due to proestrus Figure 5 Time course of the effect of local application of E 2 on fluvoxamine's ability to increase T 80 and its modulation by ER antagonists. (a) The time course was examined from 1 to 120 min after local application of E 2 (57 or 10 pmoles) or PBS as the control vehicle. Time 0 represent the effect of fluvoxamine measured prior to giving the hormones or PBS. The vehicle for E 2 was PBS with o0.0001% ethanol. For these experiments, the same amount of 5-HT was pressure-ejected into a rat at 1 or 10 min time points after zero. It was not possible to measure all time points in each rat, since the signal sometimes took longer than 10 min to be stable after administration of fluvoxamine and 5-HT. The peak amplitudes for 5-HT obtained in the control rats at time 0 vs time point 90-120 min (0.34±0.03 and 0.27±0.02 mM, respectively) were not significantly different, nor were the T 80 values (77±10 and 101±12 s, respectively). (b) E 2 (20 pmoles) was locally applied with or without ER antagonists and the effect of fluvoxamine was measured at 0 (before E 2 administration) or 10 or 40-60 min after local application of E 2 . Pretreatment with the ER antagonists ICI 182,780 or tamoxifen (60 pmoles) was performed 10 min before local application of E 2 . Bars and brackets (a, b) represent the increase in T 80 values (in seconds) after the application of fluvoxamine; ± SEM (n ¼ 4-12). *po0.05, paired t-test comparing each post-E 2 (or post-PBS) treatment with the corresponding pretreatment value (ie, time 0 value). **po0.05, Newman-Keuls comparing fluvoxamine-induced increase in T 80 values obtained with antagonist + E 2 with values obtained with E 2 alone at a similar time point. Figure 6 Effects of the E 2 -BSA conjugate on fluvoxamine's ability to increase 5-HT clearance time. The ability of fluvoxamine to increase T 80 was examined at time 0 (before application of E 2 -BSA or BSA alone) or 10 or 40-60 min after local application of BSA or E 2 -BSA (calculated so as to contain 20 pmoles E 2 ). Bars and brackets represent the increase in T 80 values (in seconds) after the application of fluvoxamine; ±SEM (n ¼ 6-8). *po0.05, paired t-test comparing the increase in T 80 after fluvoxamine application for each post-drug treatment with the corresponding value before drug treatment.
Influence of ovarian hormones on AD and SERT interactions S Benmansour et al lowering the affinity of fluvoxamine for the SERT. This effect of proestrus seems to be due either to estrogen and/or progesterone, as administration of either hormone to OVX rats, but not to castrated male rats, produced effects similar to those seen in proestrus. In addition, estradiol alone altered 5-HT clearance rate. Results obtained from local application of E 2 , E 2 -BSA and ER antagonists directly into the CA3 region of the hippocampus indicates that both intracellular as well as membrane ERs may be involved in the ability of E 2 to inhibit the effect of fluvoxamine. The hippocampus is an appropriate area to study the interaction between ovarian steroids and SSRIs on SERT function. There are considerable data demonstrating a role for the hippocampus in the pathophysiology of depression , particularly with respect to changes in hippocampal volume . The hippocampus receives a dense serotonergic innervation (Jacobs and Azmitia, 1992) and it is the initial increase in either 5-HT and/or NE caused by ADs that is thought to trigger changes responsible for their beneficial clinical effects (Delgado et al, 1999; Miller et al, 1996) . The increase in 5-HT is due to the inhibition of the SERT, the initial cellular target for SSRIs (Lenox and Frazer, 2002) . Finally, the hippocampus is an estrogen responsive area in the brain, with humans containing mRNAs for both ERa and ERb (Osterlund et al, 2000a, b) .
The detection of neurotransmitter injected into brain by a sensor located some distance from the site of injection is a complex phenomenon. Factors that influence the shape of the signals detected include not only uptake of the transmitter, but also its diffusion in obstructed extracellular space (Nicholson and Phillips, 1981) , as well as, perhaps, metabolism. The clearance time parameter (T 80 ) used to quantitatively analyze the serotonin electrochemical signal was selected because it is known to reflect primarily the uptake process rather than metabolism or diffusion and also it clearly and reproducibly detects effects of locally applied competitive uptake inhibitors (Benmansour et al, 1999 (Benmansour et al, , 2002 Cass et al, 1993; Hoffman and Gerhardt, 1998; Zahniser et al, 1999) . Whereas local application of uptake inhibitors have consistent and significant effects on clearance time parameters, they do not consistently alter clearance rates as measured using in vivo chronoamperometry, even though it might be expected that they would. In a very careful study, the clearance of dopamine by the dopamine transporter (DAT) was shown to be altered by local application of inhibitors of the DAT, with the effect being dependent on the initial basal amplitude of the DA signal (Zahniser et al, 1999) . Perhaps not surprisingly, the most pronounced increase in T 80 caused by uptake inhibitors was found at the lowest basal amplitude. The effects of DAT inhibitors on clearance rate were less consistent, but there were trends for clearance rate to increase in the low basal amplitude group, to decrease in the high basal amplitude group, and not to change in the medium basal amplitude group. None of these effects were statistically significant. Thus, although one might expect clearance rate to change, it does not after local application of uptake inhibitors. Why this is so is not clear. With local application of drugs, it is difficult to predict the concentration achieved and consequently the occupancy of the SERT; this is especially so, as local application of drugs does not allow steady state to develop. Further, we are not using concentrations of 5-HT that saturate the SERT (Daws et al, 2005) . It is well established that local application of SSRIs raises extracellular 5-HT (eg, Kreiss and Lucki, 1995) . Consequently, when sub-saturating concentrations of both 5-HT and SSRIs are present, the rate of uptake of 5-HT by SERT not occupied by SSRIs would be expected to increase due to elevated 5-HT. Thus an expected decrease in clearance rate by SERT that is occupied by SSRIs may be compensated by an increase in clearance rate by those not occupied.
During proestrus or following treatment of OVX rats with estradiol or progesterone either alone or in combination, fluvoxamine no longer increased clearance time for exogenously administered 5-HT (Figures 2 and 4) . These hormonal effects could possibly reflect a conformational change in the transporter that reduces the accessibility of inhibitors to the binding site. The clearance time parameter, T 80 , was increased after treatment with EB (Figure 4) . This effect was similar to that obtained after local application of fluvoxamine in OVX-control rats. Such an effect of estradiol might account, at least in part, for the observation that depression may be more common when estradiol levels are low (Fink et al, 1996; Halbreich et al, 1992; Pearlstein, 1995) and that estrogen can have AD effects (Zweifel and O'Brien, 1997; Soares et al, 2001; Huttner and Shepherd, 2003) . However, it is difficult to reconcile this effect of estrogen with the higher incidence of depression in women (Kessler, 2003) . Further adding estrogen therapy to SSRI treatment may be beneficial in depressed menopausal women (Yonkers, 2003 ). Yet our data shows that estrogen, at least when given acutely, inhibits the inhibitory effect of SSRIs on SERT function, which is not consistent with such a clinical effect. Further research examining the effect of more chronic treatment with hormones on SERT function and the effect of SSRIs on such function should help to clarify such issues.
Treatment with EB not only increased clearance time parameters, but also reduced the clearance rate for 5-HT (Figure 4 ). Estrogen can act at several levels of the serotonergic system. For example, it can inhibit reuptake by monoaminergic transporters in vitro (Michel et al, 1987) . Also, estrogen has been shown to interact with either 5-HT 1A or 5HT 2A receptors in several brain areas (Fink et al, 1996; Osterlund et al, 1999; Raap et al, 2000) . The present study shows that estrogen not only blocked the ability of an SSRI to induce prolongation of the 5-HT signal, but also decreased SERT function (Figure 4) . These changes could be interpreted as a result of an EB-induced change in the affinity of the SERT for 5-HT. EB could have induced a change in the phosphorylation state of the SERT and/or changes in protein association (ie, syntaxin 1A, PP2Ac) that could support changes in SERT trafficking and catalytic modulation (Blakely et al, 2005) . On the other hand, EB treatment could have induced changes in the characteristics of the extracellular space (ie, tortuosity) such that pressureejected 5-HT is 'moving slower' both to reach the electrode tip and to be removed from it. This is, however, unlikely, since the rise time of the 5-HT signal was not increased in EB-treated OVX rats (data not shown). Furthermore, the experiment carried out with treated with EB castrated rats showing blockade of 5-HT clearance after fluvoxamine application is yet another argument in favor of the specificity of the effect of hormones.
Gender differences exist in many of the actions of estrogen in the brain, and the process of sexual differentiation appears to affect many brain regions outside of the traditional brain areas involved in the reproductive function (McEwen, 2001) . Our data show that treatment of castrated rats with the combination EB/P did not alter the ability of fluvoxamine to increase the T 80 value of 5-HT clearance, whereas treatment of OVX rats with EB/P blocked fluvoxamine induced increase in T 80 . Thus, the modulations by ovarian hormones on the SSRI-SERT interaction are gender specific. It was shown that estradiol was able to affect SERT expression in female as well as male rat brain (McQueen et al, 1999) . It is possible that the differences are due to the treatment protocol (hormonal treatment 2 weeks after gonadectomy as opposed to treatment immediately after gonadectomy, as well as time of hormonal acute exposure (72 h as opposed to 36 h)).
Our data indicate that progesterone, similar to estrogen, blocked fluvoxamine's ability to prolong the 5-HT signal (Figure 4 ). This finding is consistent with other studies showing that not only estradiol but also progesterone can alter serotonergic neurotransmission. A stimulatory role for progesterone in the regulation of 5-HT synthesis has been demonstrated (Jahn and Deis, 1987) , even though progesterone appears to have no effect on the translation of the serotonin-synthesizing enzyme, tryptophan hydroxylase (Bethea et al, 2000) . Our data show that progesterone, similar to estrogen, interferes with the ability of an SSRI to block SERT function. Progesterone however had no effect on basal SERT function.
The analysis of SERT binding site densities indicates no change during the rat estrous cycle (Table 1) . [ 3 H]-CN-IMI is a lipophilic ligand and could label not only membrane SERT but intracellular SERT as well. The number of SERTs located on the plasma membrane is controlled through kinase-and phosphatase-linked pathways, as shown in transfected cells (Qian et al, 1997; Ramamoorthy and Blakely, 1999; Ramamoorthy et al, 1998) . Recently, in an elegant study using surface biotinylation of purified synaptosomes from rat midbrain, a reduction of the fraction of cell-surface expression of SERT protein in the plasma membrane of synaptosomes following either protein kinase C activation or p38 mitogen-activated protein kinase was demonstrated (Samuvel et al, 2005) . Therefore, a redistribution of SERT from the intracellular pool to the membrane surface could result from treatment with EB. This hypothesis remains to be tested.
Using in vivo voltammetry, it was shown that local application of E 2 into the nucleus accumbens of OVX rats induced rapid modulation of dopamine activity (Thompson and Moss, 1994) . Consistent with this, the time course of the effect of locally applied E 2 into the CA3 region of the hippocampus of OVX rats showed that fluvoxamine's ability to block the clearance of 5-HT was abolished as early as 1-10 min after E 2 application as well as at later time points (20-60 min) ( Figure 5 ). Data obtained after local application of the membrane-impermeable E 2 -BSA conjugate provide further support for the involvement of membrane ERs, since it mimicked only the early effects obtained after E 2 application (Figure 6 ). Modulation of fluvoxamine's ability to block 5-HT clearance by E 2 was blocked by ER antagonists. ICI 182,780 blocked the effects of E 2 at early as well as at later time points, whereas tamoxifen blocked only the early effect of E 2 . It is possible that tamoxifen was removed from the hippocampus faster than ICI 182,780, or that the concentration used did not antagonize intracellular ER. These data indicate that the E 2 -induced blockade of fluvoxamine's effects on SERT is likely mediated via genomic as well as non-genomic mechanisms.
In conclusion, the main finding of the present study demonstrates that acute treatment with either EB or P impacts the ability of SSRIs to alter the function of what is widely considered their initial cellular targetFthe SERT. There is at least one interesting potential clinical implication of these data. Although pharmacotherapy of depression with SSRIs or other drugs is more effective than treatment with placebo, 50-70% of patients have less than optimal to no response to an initial trial with an AD Rush et al, 2006; Trivedi et al, 2006) . If hormones such as estrogen or progesterone reduce the ability of SSRIs to block the SERT, then some patients may be, for genetic reasons, unusually sensitive to such hormonal effects, which could contribute to non-response.
